Epidemiological studies have revealed that exposure to PM 2.5 is linked to liver cancer. However, the hepatic toxicity and relevant molecular mechanisms of PM 2. 5 have not yet been fully described. Herein, we report on our investigation of the fibrosis, inflammation, endoplasmic reticulum (ER) stress and apoptosis in the livers of rats, caused by exposure to PM 2.5 during summer and winter in Taiyuan, China. Male SD rats were sub-chronically exposed to PM 2.5 (in summer: 0.2, 0.6, 1.5 mg per kg of b.w.; in winter: 0.3, 1.5, 2.7 mg per kg of b.w.) via intratracheal instillation once every 3 days for 60 days. The results showed that exposure to high dosages of PM 2.5 caused the following: (1) hepatic histopathological changes and liver function decline through elevating the activities of AST, ALT, CYP450 and GST; (2) triggered liver fibrosis, in which TGF-β1, Col I, Col III, and MMP13 mRNA and protein expression were significantly upregulated, and enhanced inflammation with the overexpression of TNF-α, IL-6 and HO-1 versus the control;
Introduction
Liver diseases are major global health problems. Cirrhosis has reportedly caused over a million deaths in 187 countries in 2010, and the death toll from liver cancers was estimated as 745 533 in 184 countries in 2012, 1, 2 in which socioeconomic development and environmental insults are the risk factors that play vital roles in hepatic pathogenesis. 2, 3 Fine particulate matter with an aerodynamic diameter ≤2.5 µm (PM 2.5 ) is a ubiquitous atmospheric pollutant that is generated mainly from coal combustion, diesel engines, and biomass burning, etc. Alarmingly, it can deposit in pulmonary alveoli through respiration and endanger the lung. The PM 2.5 surface may absorb large amounts of hazardous chemicals such as heavy metals and polycyclic aromatic hydrocarbons (PAHs). Through blood circulation, water-soluble fractions or insoluble nanoparticles of PM 2.5 can reach other extra-pulmonary organs, 4 particularly the liver, which is an important organ for the detoxification of exogenous chemicals.
Many epidemiological studies have revealed that inhalation exposure to airborne PM 2.5 is linked to pulmonary diseases, cardiovascular disease and stroke. 5, 6 Notably, particulate matter has been classified as carcinogenic to humans (Group 1) by the International Agency for Research on Cancer. 7, 8 There is therefore growing concern about its toxicological roles and systemic effects on human health. Along with many research efforts on the adverse effects of PM 2.5 on the cardiorespiratory and nervous systems, [5] [6] [7] [8] some epidemiological studies have recently confirmed that ambient PM 2.5 exposure increases the incidence and mortality of liver cancer, 9, 10 and other reports have demonstrated that PM 2.5 may be a significant risk factor for non-alcoholic fatty liver disease (NAFLD) progression. 11, 12 Experimental studies have indicated that PM 2.5 could affect liver energy metabolism in mice by inhibiting the tricarboxylic acid cycle and stimulating glycolysis, reduce cell survival rates, and induce lipid accumulation and oxidative stress in hepatocytes. 13, 14 More importantly, Zheng et al. discovered that PM 2.5 had a direct adverse health effect on the liver and triggered a Institute of Environmental Science, Institute of Biotechnology Shanxi University, Taiyuan, PR China. E-mail: dc@sxu.edu.cn; Fax: (+86)-351-7011011; Tel: (+86)- hepatic fibrosis in a murine model, 15 and PM 2.5 -induced inflammatory responses promoted collagen deposition in the liver by activating the transforming growth factor-β1 (TGF-β1) signaling pathway. 15 This is a breakthrough in the studies of PM 2.5 -induced liver toxicity, since hepatic fibrosis is a pathological condition characterized by the accumulation of the extracellular matrix (ECM) proteins that occur in most types of chronic liver diseases such as NAFLD and hepatocellular carcinoma (HCC). 16, 17 The work of Zheng et al. also indicated that the PM 2.5 pollutant is an independent risk factor for liver fibrosis. 15 Thus, the studies on PM 2.5 -triggered hepatic fibrosis are very significant in terms of identifying new health risk factors and understanding the pathogenesis of liver diseases. However, the current studies on PM 2.5 on liver injury or fibrosis are very limited and need further investigation.
The imbalance between fibrogenesis and fibrolysis in the liver may directly influence the process of fibrosis, in which some special fibrotic-related genes exert a critical role in the pathogenesis of liver fibrosis. [18] [19] [20] TGF-β1 is the major profibrotic growth factor that stimulates the production of ECM proteins, mostly collagen (Col) Type I and III. 19 Matrix metalloproteinase-13 (MMP-13) mainly hydrolyzes ECM and degrades collagen, and MMP13 expression may be markedly upregulated in rat liver fibrosis in order to reduce ECM. 20 Nevertheless, the changes in TGF-β1, collagen and MMP13 gene expression in rat livers after PM 2.5 sub-chronic exposure have been largely uninvestigated.
Inflammatory responses are very important in regulating liver pathological conditions induced by endogenous and exogenous substances. In the pathological process, the liver may produce pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interlukine-6 (IL-6), which can modulate inflammatory responses. 21 Heme oxygenase-1 (HO-1) is an essential enzyme presented in multiple mammalian tissues including the liver, and the induction of HO-1 may fulfill its protective function against inflammatory process and oxidative damage in the liver. 22 It is proven that chronic unresolved inflammation is associated with persistent hepatic injury, leading to sequential development of fibrosis, cirrhosis, and eventually HCC. 23 In this study, we focus on whether liver fibrosis appears in the rats after subchronic exposure to PM 2.5 , and meanwhile observed the inflammatory responses and the changes in TNF-α, IL-6 and HO-1 levels in rat livers to understand their relevance to the liver fibrosis.
The endoplasmic reticulum (ER) stress is an intracellular stress response induced by the accumulation of unfolded or misfolded proteins. It is a double-edged sword, that is, it can maintain cellular homeostasis and protect cells from adverse stress as far as possible, whereas the persistent ER stress will evoke cell apoptosis. 24, 25 Some biomarkers related to ER stress such as glucose-regulated protein (GRP) 78, activating transcription factor 6 (ATF6) and C/-EBP homologous protein (CHOP) contribute a lot to regulating the ER stress process. Previous studies have shown that ER stress may promote fibrogenesis, inflammation and apoptosis in the liver, [26] [27] [28] [29] [30] in which activation of the ER stress-mediated GRP78 and CHOP/tribbles homolog 3 (TRB3)/caspase 12 could be the important mechanism responsible for the liver injury. Accordingly, we investigated the ER stress and apoptosis responses incurred by PM 2.5 and the related molecular mechanisms.
Taiyuan is a typical northern city of China with the characteristics of the coal industry. The main problem of the atmospheric environment in Taiyuan is the soot pollution that usually appears in the heating period of winter, and accordingly, PM 2.5 pollution is relatively serious. [31] [32] [33] In order to clarify the liver injury responses of PM 2.5 subchronic exposure in the typical pollution area in China, in the present study, liver tissue pathology, liver function enzyme changes, fibrosis, inflammation and ER stress were investigated in male rats exposed to PM 2.5 in the winter and summer in Taiyuan (for 60 days). The following experiments were performed: (1) measuring the histopathological changes, collagen fiber distribution and cell apoptosis in livers of rats using the hematoxylin and eosin (HE) staining, Masson staining and the terminal dUTP nick-endlabelling (TUNEL) straining; (2) detecting the levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), albumin (ALB) and globulin (GLB) in serum as well as the activities of cytochrome P450 (CYP450) and glutathione S-transferase (GST) in the livers of rats; (3) analyzing the mRNA and protein expression of specific fibrosis related markers (TGF-β1, Col I, Col III and MMP13), inflammationrelated markers (TNF-α, IL-6 and HO-1), ER stress markers (ATF6, GRP78 and CHOP) and apoptosis related genes (TRB3 and caspase 12) in rat livers using real-time reverse transcription-polymerase chain reaction (RT-PCR), enzyme linked immunosorbent assay (ELISA) and western blot exposed to PM 2.5 , respectively. We followed with interest the risks of liver disease occurrence induced by PM 2.5 and highlighted the toxicological mechanisms in PM 2.5 -induced fibrosis, inflammatory responses, ER stress and apoptosis in this study. The findings provide new insight into the mechanisms of PM 2.5 -induced liver injury, and are informative for understanding the underlying mechanisms by which PM 2.5 might affect liver diseases.
Experimental

PM 2.5 sample preparation
Atmospheric PM 2.5 samples were collected on quartz fiber filters during the summer and winter of 2012/2013 at Shanxi University in Taiyuan, China. PM 2.5 concentrations were measured using a DustTrak™ II 8530 Aerosol Monitor (TSI Inc., USA). During sampling, the mean daily mass concentration of PM 2.5 in June 2012 was 148 μg m −3 , while the mean concentration of PM 2.5 in winter from Dec. 2012 to Jan. 2013 was 336 μg m −3 , in which PM 2.5 concentrations were higher than the limit of the daily mass concentration of PM 2.5 of 75 μg m −3 , approved by the China National Ambient Quality Standard. During sampling, the exposure levels of heavy metals in PM 2.5 were measured, in which the contents of Cu, Zn, Cd, Cr and Pb were 139, 528, 3, 132 and 232 ng m −3 in summer, while 279, 475, 3, 234 and 330 ng m −3 in winter, respectively. 31 For PAHs in PM 2.5 , the contents of phenanthrene, anthracene, fluoranthene, and pyrene in winter were higher compared to summer. 32 In particular, the levels of chrysene, benzo[a]anthracene, benzo[b]fluoranthene, benzo[k] fluoranthene and benzo[a]pyrene in PM 2.5 in the winter in Taiyuan were much greater than those of the recommended safety standards. 33 The PM 2.5 physiological saline solutions were prepared as previously reported. 34 Animal and treatment protocols Male Sprague Dawley (SD) rats with body weight (b.w.) of 220-240 g were obtained from the Animal Center of the Academy of Military Medical Sciences (Beijing, China), and were fed in an animal house in the Institute of Environmental Science of Shanxi University (Taiyuan, China). Thirty-five rats were randomly divided into seven groups: the control group, groups given three different doses of summer PM 2.5 (0.2, 0.6, 1.5 mg per kg b.w.) and groups given three different doses of winter PM 2.5 (0.3, 1.5, 2.7 mg per kg b.w.) with five animals for each group. The rats in the PM 2.5 groups were administered PM 2.5 suspensions by intratracheal instillation every three days for 60 days. The animals were maintained in accordance with the guidelines of the Ministry of Health, People's Republic of China, Beijing, China, and the protocol was approved by the institutional ethical committee (IEC) of Shanxi University with permission (No. 201710010).
According to the China National Ambient Quality Standard for PM 2.5 , the mean mass concentrations of 35 and 75 μg m −3 are the annual and daily concentration limits of PM 2.5 exposure levels. The mean mass concentrations of 500 and 700 μg m −3 are the orange and red alert criterion limits of haze PM 2.5 in China. When the PM 2.5 exposure levels were 35, 75, 350, 500 and 700 μg m −3 , the PM 2.5 instillation concentrations for three days to each rat would be estimated as 0.15, 0.30, 1.5, 2.2 and 3.0 mg per kg b.w., respectively, according to 200 mL min −1 of the respiratory volume limit of an adult rat. Combining the abovementioned contents with the daily mean concentrations of PM 2.5 in Taiyuan during the summer and winter of 2012/2013, ranging from 49 to 544 μg m −3 , 31,32 the instillation concentrations of PM 2.5 for summer were selected as 0.2, 0.6 and 1.5 mg per kg b.w., and 0.3, 1.5 and 2.7 mg per kg b.w. for winter in this study. The control rats were administered saline.
HE staining, Masson staining and TUNEL analysis
The rats were narcotized with sodium pentobarbital (80 mg kg −1 , intraperitoneal injection) 24 h after the last intratracheal instillation. A piece of the liver from each rat was cut and fixed in 4% paraformaldehyde in phosphate buffer solution (PBS). Sections (5 μm thick) were cut from paraffinembedded specimens of the liver tissues and used for the HE staining analysis and Masson trichrome staining analysis, which was performed using a special staining kit (Maixin Biocompany, Fujian, China). Light microscopic findings were graded semi-quantitatively from − (less collagen deposition), + (medium-grade fibrosis), to ++ (severe fibrosis change), according to the degrees of the hepatocyte fibrosis, in which the more the blue the collagen deposition observed was, the more serious was the degree of liver fibrosis. The sections were then subjected to TUNEL using a TUNEL kit (KeyGen Biotech Co., Ltd, Nanjing, China) for the detection of liver cell apoptosis. The numbers of TUNEL positive apoptotic cells in five random fields in each slide from liver tissues were counted and the apoptosis degree was estimated by counting the percentages of the TUNEL positive cells. The results were expressed as the fold increase compared to the TUNEL positive cell numbers in the control group, which was ascribed an arbitrary value of 1.
The rest of the liver was frozen in liquid nitrogen and then transferred to a refrigerator at −80°C until analysis.
Biochemical assays
A sample of blood was taken from the caudal vein of the rat 24 h after the last treatment, and the serum sample was prepared. The rats were subjected to 24 h fasting before sacrifice. The levels of AST, ALT, ALB and GLB in the serum were detected using a Dimension RxL Max Chemistry System (Siemens AG, Munich, Germany). The liver tissue was homogenated with PBS (1 : 10, w/v) and centrifuged (3000 rpm, 4°C, for 10 min), and the rat-liver homogenate supernatants were collected. The TNF-α, IL-6, HO-1, caspase 12 and TGF-β1 levels in the supernatants were detected using the corresponding ELISA kits (R&D Company, USA). The CYP450 levels were measured using a special ELISA kit from Beijing Fangcheng Biochemistry, China. In addition, GST activity in the supernatants was measured using a GST detection kit (Jiancheng Biochemistry, Nanjing, China). All the procedures were performed according to the manufacturer's instructions for special detection kits.
Real time quantitative RT-PCR
The frozen liver tissue samples were thawed for use in mRNA extraction and then the procedures of both RT of first-strand cDNA and quantitative PCR of the target genes and housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) were referenced as described previously. 34 The mRNA expression levels were measured by using an iCycler iQ Real Time PCR Detection System (Bio-Rad, Richmond, CA, USA), and the SYBR Green I DNA binding dye was used. The GenBank accession numbers and primer information for the target genes and GAPDH are listed in Table 1 . The primers were synthesized by Sangon Company, (Shanghai, China). The expression amounts of target genes were analyzed and assessed using the relative quantification method, following normalization using GAPDH.
Western blotting
Total proteins for GRP78, ATF6, CHOP, Col I, Col III, MMP13, TRB3 and β-actin from frozen lung tissues were extracted with a protein extraction kit (Beyotime, Shanghai, China), and then protein concentrations were determined. After boiling
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Toxicol. Res., 2018, 7, 271-282 | 273 the protein samples in the loading buffer, the protein expressions of the target genes were detected by western blot as the protocol in our lab. 34 The infrared-labeled goat anti-rabbit secondary antibody at a dilution ratio of 1 : 20 000 was added to the membranes and incubated for 1.5 h at room temperature. The membranes were scanned and the protein band grayscale was quantified by the Odyssey Infrared Imaging System (Li-COR Biosciences, USA).
Statistical analysis
Data were expressed as means ± standard deviation and evaluated for statistical significance with a one-way analysis of variance (ANOVA) in SPSS Statistics. Post hoc tests were conducted to determine the difference between the groups, followed by a least significant difference (LSD) test. A level of P < 0.05 shows significant difference. The relationships between hepatotoxicity biomarkers and PM 2.5 concentrations were assessed by using the correlation coefficient (r) method and a positive correlation is indicated by r > 0.8.
Results
Animal health status
No animals died during the experiment. The body weights of the animals in summer and winter PM 2.5 groups were lower compared to the control, but no differences between the PM 2.5 groups and the control group were observed. The body weight and the ratio of the liver weight to the whole animal body weight were also determined. We found that the body weight and liver weight/body weight ratio in PM 2.5 exposure groups were not significant compared with the control (data not shown).
Liver histology
The histological changes in the livers after summer and winter PM 2.5 exposure were measured by HE staining (Fig. 1 ). As 
F: forward primer; R: reverse primer. 
Paper Toxicology Research
expected, there were no pathological changes in the control animal livers. However, slight hyperemia and inflammatory cell infiltration were observed for the summer PM 2.5 exposure group (0.6 and 1.5 mg kg −1 ), whereas moderate hyperemia and inflammatory cell infiltration were found for the winter PM 2.5 exposure group (1.5 mg kg −1 ). In addition, we observed severe hyperemia and cellular vacuolar degeneration in the winter PM 2.5 exposure group (2.7 mg kg −1 ). Therefore, higher dosages of PM 2.5 in the summer or winter in Taiyuan could cause histopathological damage in the livers of male SD rats. Masson staining of the livers was performed to assess collagen distribution characterized by collagen fibrils, which were stained with a blue colour (Fig. 2) . The control rats displayed a normal and very small distribution of collagen. Extensive collagen deposition was only evident in liver tissue from the summer PM 2.5 exposure group (1.5 mg kg −1 ) and winter PM 2.5 exposure group (1.5 and 2.7 mg kg −1 ). Besides, severe hyperemia and collagen deposition were found in livers of the winter PM 2.5 exposure group (1.5 and 2.7 mg kg −1 ), and even some vacuolar degeneration cells appeared in the winter PM 2.5 exposure group (2.7 mg kg −1 ). This suggested that higher dosages of PM 2.5 in the summer or winter in Taiyaun could cause liver collagen accumulations and fibrosis responses.
Levels of liver functional enzymes
In Table 2 , the levels of AST and ALT in serum from rats were markedly increased when subjected to PM 2.5 subchronic exposure at the higher doses of summer (0.6 and 1.5 mg per kg b.w.) or winter (1.5 and 2.7 mg per kg b.w.), relative to the control (P < 0.05). All the tested concentrations of PM 2.5 obviously decreased ALB levels and the ratio of ALB/GLB in the serum from rats, in comparison to the control (P < 0.05). However, the increases in AST and ALT levels in the 0.2 and 0.3 mg per kg b.w. PM 2.5 groups had little significant difference compared to the control group. The AST or ALT levels and PM 2.5 concentrations had a positive correlation (r = 0.82-0.97), whereas the changes in ALB levels and the ratios of ALB/GLB with the elevation of PM 2.5 concentration reflected a negative correlation (r = 0.79-0.84).
In Fig. 3 , PM 2.5 the doses for summer (1.5 mg per kg b.w.) and winter (2.7 mg per kg b.w.) significantly increased the levels of CYP450 in the livers of rats in comparison to the control (P < 0.05 or P < 0.01), while no statistic alterations of CYP450 levels in the livers exposed to summer 0. The mean ± SD values from five individual samples were obtained. Using one-way ANOVA, compared with the control group, significant difference is indicated by*P < 0.05 and **P < 0.01. 
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were found, compared with the control. There was a significant positive correlation between summer or winter PM 2.5 doses and CYP450 levels (r = 0.95 and 0.98). Besides, the changes in GST activities of PM 2.5 treatment groups were greater compared to the control (P < 0.05 or P < 0.01) under the higher exposure levels (for summer: 0.6 and 1.5 mg per kg b.w. PM 2.5 ; for winter: 1.5 and 2.7 mg per kg b.w. PM 2.5 ). PM 2.5 increased CYP450 or GST activities in a concentration-dependent relationship (r = 0.94-0.98).
Fibrosis-related gene expression induced by PM 2.5 in rat livers
As shown in Table 3 , the Col I, Col III and MMP13 mRNA and protein levels as well as TGF-β1 mRNA levels in the livers of rats exposed to PM 2.5 at the higher dosages (for summer PM 2.5 : 1.5 mg per kg b.w., for winter PM 2.5 , 1.5 and 2.7 mg per kg b.w.) were markedly elevated compared to the control (P < 0.05 or P < 0.01). TGF-β1 protein levels in the livers of rats exposed to 1.5 mg per kg b.w. summer PM 2.5 and 2.7 mg per kg b.w. winter PM 2.5 were remarkably increased relative to the control (P < 0.05). The four gene expressions were not significantly changed in the livers of rats exposed to 0.2 mg per kg b.w. for summer PM 2.5 and 0.3 mg per kg b.w. for winter PM 2.5 (P > 0.05). PM 2.5 caused an increase in mRNA or protein expression of the four genes above in a concentration-dependent manner (r = 0.79-0.99).
mRNA and protein expressions of TNF-α, IL-6 and HO-1
The inflammation occurred in the livers according to the histopathological observations as shown in Fig. 4 . As seen in Fig. 4A , PM 2.5 at higher doses (1.5 mg per kg b.w. for summer PM 2.5 , 1.5 and 2.7 mg per kg b.w. for winter PM 2.5 , respectively) significantly enhanced TNF-α, IL-6 and HO-1 mRNA expressions in the livers versus the control (P < 0.05 or P < 0.01), and such increases incurred by PM 2.5 showed obvious positive dose-effect relationships (r = 0.89-0.95). As shown in Fig. 4B , protein levels of TNF-α (under 0.6 and 1.5 mg per kg b.w. for summer PM 2.5 , 1.5 and 2.7 mg kg −1 for winter PM 2.5 ), IL-6 (under 1.5 mg per kg b.w. for summer PM 2.5 , three tested dosages of winter PM 2.5 ) and HO-1 (under 1.5 mg per kg b.w. for summer PM 2.5 , 2.7 mg kg −1 winter PM 2.5 ) were significantly promoted in a dose-dependent manner (r = 0.84-0.94).
mRNA and protein expressions of ER stress and apoptosis related factors
On the basis of our data in Fig. 5A Mean expressions of mRNA and protein of TGF-β1, Col I, Col III and MMP13 in each treated group are shown as increases, compared to the mean expression in the control group, which has been ascribed an arbitrary value of 1. The values are mean ± SD from five individual samples. Using one-way ANOVA, compared with the control group, significant difference is indicated by *P < 0.05 and **P < 0.01.
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Toxicology Research significantly induced mRNA expression of ATF6 (P < 0.05), and similarly increased gene expression of GRP78 and CHOP (P < 0.05 or P < 0.01) in the rat livers in comparison to the control. In Fig. 5B and C, ATF6 protein levels in the livers were obviously increased in the presence of PM 2.5 at the dose of 2.7 mg per kg b.w. for winter PM 2.5 , relative to the control (P < 0.05), and GRP78 protein levels caused by 1.5 mg per kg b.w. summer PM 2.5 and 2.7 mg per kg b.w. winter PM 2.5 were significantly increased compared with the control (P < 0.05). As for CHOP, its over-expression of protein in the livers treated with PM 2.5 at the concentrations of summer 1.5 mg per kg b.w. and winter 1.5 and 2.7 mg per kg b.w. had statistical significance versus the control (P < 0.05). Except for the above changes, no significant changes in the GRP78, ATF6 and CHOP gene expression were observed in the rats exposed to PM 2.5 at lower concentrations, compared to that in the control (P > 0.05). The relationship between the gene expression of GRP78, ATF6 and CHOP and PM 2.5 concentration had a positive correlation, with high r values ranging from 0.80 to 0.98. 
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As shown in Fig. 6A and B , summer PM 2.5 (1.5 mg per kg b.w.) and winter PM 2.5 (1.5 and 2.7 mg per kg b.w.) exposure induced liver cell apoptosis and increased the percentages of TUNEL positive cells in the livers. Further analysis showed that 1.5 mg per kg b.w. summer PM 2.5 and 1.5 and 2.7 mg per kg b.w. winter PM 2.5 significantly induced mRNA and protein expression of TRB3 and caspase 12 (P < 0.05 or P < 0.01) in the rat livers in comparison to the control (Fig. 6C and D) .
Discussion
The liver is an important and pivotal metabolism and detoxification organ and it also vulnerable to being affected and damaged by xenobiotics and drugs. It has been reported that PM 2.5 may increase liver disease risks, [9] [10] [11] [12] but the understand-ing of the underlying mechanisms by which PM 2.5 induces adverse health effects in the liver has been insufficient until now. In the current study, we have investigated the histopathology, changes in liver function enzyme and metabolic enzyme activity, and the responses of fibrosis, inflammation and ER stress as well as the alterations of the gene expression of hepatotoxicity biomarkers in the rats after sub-chronic exposure to summer and winter PM 2.5 in Taiyuan of China, representing different compositions of PM 2.5 .
Firstly, the histopathology data showed that higher dosages of PM 2.5 could cause liver damage in rats (Fig. 1) , and Masson staining results indicated that excess collagen fibers were observed in the livers of the PM 2.5 treated rats (Fig. 2) . The results are consistent with the report by Zhang et al., which showed that the histopathological changes were more prevalent and severe in rat livers with the dose increasing after and (D) TRB3 and caspase 12 mRNA and protein levels in livers of rats treated with PM 2.5 . Apoptosis change, mean expressions of mRNA and protein in each treated group are shown as increases, compared to the mean expression in the control group, which has been ascribed an arbitrary value of 1. The values are mean ± SD from five individual samples. Using one-way ANOVA, compared with the control group, significant difference is indicated by *P < 0.05 and **P < 0.01.
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Toxicology Research exposure to dosages of 1.8, 5.4, and 16.2 mg per kg b.w. PM 2.5 suspensions for 30 days. 35 In particular, under the same dosage of 1.5 mg per kg b.w. PM 2.5 , the liver injury caused by winter PM 2.5 was more serious than summer PM 2.5 , which might be because the concentrations of harmful chemicals like heavy metals and PAHs in winter PM 2.5 were higher than that of summer. Also, during the PM 2.5 sampling in this study, the mean concentration of PM 2.5 in the winter (336 μg m −3 , comparable to the dosage of 1.5 mg per kg b.w. PM 2.5 ) exceeded the average level of PM 2.5 in the summer by almost 2.3 times (148 μg m −3 , comparable to the dosage of 0.6 mg per kg b.w. PM 2.5 ). Based on the HE and Masson staining results, 1.5 mg per kg b.w. PM 2.5 in winter induced more severe liver tissue damage than that induced by 0.6 mg per kg b.w. PM 2.5 in summer. Similarly, the mRNA or protein expressions of biomarkers of fibrosis, inflammation and ER stress in the livers incurred by 1.5 mg per kg b.w. PM 2.5 in the winter were higher than that of 0.6 mg per kg b.w. PM 2.5 in the summer. Taken together, PM 2.5 -caused liver injury in the winter was worse compared to that in the summer. Along with the pathological injury, the alterations in liver function enzymes were measured in this study. In general, AST and ALT are very important proteins for the liver and are the representative indicators of liver damage. They can be released into the blood from the liver. When significant liver damage occurs, AST and ALT activities in serum are increased, leading to poor liver function. 36 ALB and GLB are the major protein components in serum, which play an important role in inflammation. A low ALB/GLB ratio, meaning a decreased ALB level and increased GLB level, was reported to reflect the hepatic function decline and occurrence of chronic inflammation. 37 In order to further indicate the biochemical mechanism of PM 2.5caused liver injury, the parameters for evaluating the liver function impairment in the serum were determined. The results showed that in the medium and high dosage of summer or winter PM 2.5 -treated groups, AST and ALT were significantly elevated compared with the control, and that values of AST (from 131. .0 U L −1 ) were higher than those of ALT (from 67.8 to 92.6 U L −1 ). Also, in all the tested concentrations, ALB levels and ALB/GLB ratios were markedly reduced compared to the control. This suggests that PM 2.5 caused liver function decline and inflammatory responses, which supported the report by Kim et al., in which PM 2.5 exposure was associated with increased liver enzyme levels of AST and ALT in the blood of the elderly. 38 In addition, the activation of CYP450 ( phase I enzyme, participating in the metabolism of endogenous and exogenous substances including drugs, environmental compounds) and GST ( phase II enzyme, catalyzing the conjugation of glutathione together with the intermediates of chemicals from the phase I reaction) partly means the excessive accumulation of harmful metabolites and the dysfunction of the liver metabolism. 39 In the present study, higher concentrations of PM 2.5 seriously induced CYP450 and GST in rat livers (Fig. 3) , implying that PM 2.5 may result in a metabolic disturbance of the liver via activating metabolic enzymes and further promoting the liver toxicity.
Secondly, liver fibrosis is the final stage of all chronic liver diseases. Therefore we specifically focused on and analyzed the correlation between fibrosis and the expressions of fibrosis-related genes (TGF-β1, Col I, Col III and MMP13) in the liver in the presence of PM 2.5 . The pathogenesis of fibrosis is involved in the inflammatory pathway and the growth factor signaling pathway mediated by TGF-β1, 40 which is a pro-fibrogenic cytokine in hepatic fibrosis. 41 The collagen fibers are localized and markedly increased around the tributaries of portal veins. 41 Col I and Col III are two indicators of fibrosis and may enhance collagen matrix deposition in the liver, leading to fibrosis. TGF-β1 can stimulate matrix deposition and up-regulate Col I and Col III gene expression. 42, 43 In the present study, subchronic exposure to high dosages of PM 2.5 had a pro-fibrosis effect via the regulation of the TGF-β1/Col I/ Col III signaling pathway in the livers of rats, eventually impairing liver function. In contrast, MMP13 plays a protective role in the process of collagen degradation, 20, 44 and upregulation of MMP13 gene expression may elevate collagenase activity and enhance the collagen hydrolyzation in fibrotic livers of rats, consequently preventing liver fibrosis progression. 44 As shown in Table 3 , MMP13 mRNA and protein expressions in the livers were raised after 60 days exposure of PM 2.5 at the higher dosages (1.5 and 2.7 mg per kg b.w.), implying that induction of MMP13 was a protective response against liver fibrosis upon PM 2.5 exposure via hydrolyzing the collagen proteins. Although it is difficult to reconcile MMP13 high-expression with the pro-fibrosis gene (TGF-β1, Col I and Col III) over-expression in rat livers in this study (see Table 3 ), we noticed that PM 2.5 provoked a significant increase in the collagen fiber formation in rat livers (Fig. 2) . It may be speculated that under PM 2.5 exposure conditions (1.5 and/or 2.7 mg per kg b.w.), the collagen fiber accumulation regulated by TGF-β1, Col I and Col III occupied a predominant position in the liver fibrotic response compared to the effect of MMP13, which reduced the fibrosis.
Thirdly, inflammation elicits a vital defense response to cellular or tissue injury. However, persistent inflammatory responses can lead to pathological injury related to the disease. When the liver cells are activated or damaged by exogenous harmful chemicals, pro-inflammatory cytokines are induced dramatically. If these cytokines are released excessively and persistently while the inflammation in the liver does not subside or heal during a short time, ultimately liver injury and liver tissue formation abnormity (i.e., fibrosis) would occur. 45 It was proven that PM 2.5 exposure was linked to HCC via chronic liver inflammation from a patient observational report. 10 As we know, TNF-α and IL-6 are typical pro-inflammatory cytokines that serve a regulatory role in the pathogenesis of numerous diseases, including liver disease. 21, 46 Our study has demonstrated that exposure to PM 2.5 for 60 days triggered inflammation responses (Fig. 1, 4 and Table 2) including hyperemia, inflammatory cell infiltration and the decrease of ALB levels, accompanied by the elevation of pro-inflammatory cytokines TNF-α and IL-6 levels in the liver, especially in the presence of high dosages of PM 2.5 (1.5 and 2.7 mg per kg b.w.), suggesting that PM 2.5 causes liver inflammatory injury, in which TNF-α and IL-6 high-expression promote the inflammatory responses. Additionally, MMP13 may mediate the release of inflammatory cytokines such as TNF-α, 47 which implies that PM 2.5 -caused over-expression of MMP13 might promote the secretion of inflammatory cytokines. On the other hand, to investigate whether the liver inflammatory injury induced by PM 2.5 was in relation to the anti-inflammatory factors, HO-1 activity in the livers of rats exposed to PM 2.5 was measured. HO-1 is generally regarded as an antioxidant enzyme that catalyzes the oxidative degradation of heme to carbon monoxide and biliverdin, reducing reactive oxygen species formation from heme. 22, 48 Intriguingly, HO-1 is also proven to fulfill a key role in defense mechanisms against hepatic inflammation by inhibiting TNF-α gene expression, 49 and carbon monoxide, which is yielded in the catalytic process of heme by HO-1 has anti-inflammatory properties. 50 Our findings indicate that induction of HO-1 is an adaptive response to PM 2.5 treatment, and it may play a protective role in the recovery of hepatocytes from inflammation injury. Nevertheless, based on the HE staining results (Fig. 1) , inflammatory responses like hyperemia and inflammatory cell infiltration coexist in the liver of rats upon exposure to 1.5 and 2.7 mg per kg b.w. PM 2.5 . We speculate that the liver pathological injury induced by PM 2.5 is mainly reflected as inflammation, while the pro-inflammatory effects of TNF-α and IL-6 are eventually dominant compared to the anti-inflammation effects of HO-1.
Finally, the ER is an organelle with important functions including intracellular calcium storage and synthesis, lipid biosynthesis, folding and post-translational modification of proteins. When the unfolded proteins accumulate in the ER lumen, ER stress response (also called unfolded protein response) happens, resulting in the impairment of ER functions. GRP78, ATF6 and CHOP are biomarkers of ER stress, and the up-regulations of these gene expressions are involved in enhancing the ER stress response. [51] [52] [53] [54] Upon activation in response to ER stress signals, the molecular chaperone GRP78 is activated and released from ER transmembrane sensors like ATF6. ATF6 is translocated to the Golgi and cleaved to an active fragment by the site 1 and site 2 proteases (S1P and S2P). 52 The ATF6 fragment can then move to the nucleus where it would activate other functional molecules like CHOP, 53 which is a stress-induced transcription factor that may be induced by ER stress and mediates apoptosis. 54 It has been demonstrated that the ER stress response is a very complex regulation network, 55 and it can exert an important self-defense role in the cellular protection against various exogenous stimuli. However, in conditions of prolonged and strong ER stress, along with over-expression of GRP78, ATF6, CHOP and other stress molecules, the signaling switches from a protective effect to a pro-apoptotic ER stress response, which is related to liver fibrosis and NAFLD. 26, 56 Laing et al. revealed that PM 2.5 affected mouse liver cells by activating the PERK-eIF2α-CHOP pathway and stimulating the ER stress-mediated apoptosis. 57 This viewpoint is partially in accordance with our study, in which PM 2.5 activated the GRP78/ATF6 signaling pathway in the liver, and elevated the level of CHOP, further causing liver ER stress coupled with liver inflammatory responses and fibrosis. Moreover, TRB3 and caspase 12 are the important ER stress-inducible genes and are related to the ER stress-specific apoptosis pathway, 58 in which CHOP may regulate and activate its downstream gene TRB3 and caspase 12, further activating the caspase cascade apoptotic pathway. 59 Therefore, the gene expressions of CHOP, TRB3 and caspase 12 may reflect the degree of ER stress-mediated apoptosis. In this study, upregulation of ATF6, GRP78 and CHOP in livers of PM 2.5 exposure groups indicated that the GRP78/CHOP pathway mediated ER stress activation, while the high expressions of TRB3 and caspase 12 protein suggested the apoptosis occurrence through the ER stress in response to PM 2.5 . Combined with the current TUNEL experimental results, it indicated that PM 2.5 activated the GRP78/CHOP/ TRB3/caspase 12 signaling pathway and further caused ER stress and apoptosis in the liver.
Taken together, identifying the molecular events by which PM 2.5 induces fibrosis, inflammation, ER stress responses and apoptosis should aid in the understanding of air PM 2.5 pollution-associated liver injury and related diseases. However, we cannot prove whether there is a direct relationship between fibrosis (or inflammation) and ER stress in the liver under PM 2.5 subchronic exposure conditions. More in-depth work is still needed to investigate the molecular mechanisms of PM 2.5 on ER stress-mediated inflammatory responses and fibrosis in the liver.
Conclusions
This study suggests that PM 2.5 sub-chronic exposure causes hepatic pathological injury, fibrosis, inflammation, ER stress and apoptosis in rats, which might finally contribute to liver diseases. The liver injury induced by winter PM 2.5 in Taiyuan was more serious than that induced by summer PM 2.5 .
Three possible mechanisms are proposed to explain PM 2.5induced liver injury: (1) PM 2.5 caused hepatic pathological injury in the rats by significantly activating AST, ALT, CYP450 and GST and reducing the ratio of ALB/GLB, leading to liver function decline. The injury effects on the liver induced by winter PM 2.5 were greater than that of summer PM 2.5 ; (2) PM 2.5 -triggered rat liver fibrosis was mediated by upregulation of TGF-β1, Col I, Col III and MMP13 gene expressions, while it enhanced inflammation of the liver though elevating TNF-α, IL-6 and HO-1 levels; (3) PM 2.5 activated the GRP78/ATF6/ CHOP/TRB3/caspase 12 pathway, resulting in ER stress and apoptosis in the liver. Our findings are important in providing a new understanding to explain the promoted effects of PM 2.5 on human liver diseases. At the same time, we realize that there is more work to be done. (1) It is necessary to explore the regulatory mechanisms of inflammation and ER stress on liver fibrosis caused by PM 2.5 . (2) More attention should be paid to the contributions of heavy metals or organic matter on PM 2.5 liver toxicity.
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